In this article, we review past and current experience in clinical trials of traumatic brain injuries (TBIs), we discuss limitations and challenges, and we summarize current directions. The focus is on severe and moderate TBIs. A systematic literature search of the years from 1980 to 2009 revealed 27 large phase III trials in TBI; we were aware of a further 6 unpublished trials. Analysis of these 33 trials yielded interesting observations:
INTRODUCTION
Randomized controlled trials (RCT) are considered the gold standard for proving the efficacy of new treatments. In the field of traumatic brain injury (TBI), however, not a single multicenter phase III RCT on neuroprotective agents has convincingly shown benefit. [1] [2] [3] As a consequence, a sense of disappointment prevails; basic science researchers are increasingly frustrated that their hard and promising work performed under clean experimental conditions does not seem to transfer into the "dirty" clinical situation, and there is some reluctance by pharmaceutical companies to embark on a new high-cost venture in TBI. However, trials conducted so far have not definitively established the lack of possible benefit.
To the contrary, various trials have shown a trend toward efficacy, and this offers hope. Basic research has greatly advanced our knowledge of what happens in the brain after TBI, offering opportunities to limit processes involved in the development of secondary brain damage. Many experimental studies on a multitude of agents have shown encouraging results, demonstrating efficacy of different agents on histologic endpoints, intracranial pressure, brain edema, cerebral blood flow, metabolism, and also on functional outcome. Translating advances from basic research into clinical benefit has proven complex.
In the experimental situation, studies are performed under tightly controlled conditions. TBI in the clinical situation, however, includes a complex spectrum of pathologies, often superimposed with systemic second insults (e.g., hypoxia and/or hypotension). Approaches to treatment may vary, and uncertainty exists as to whether pathophysiologic processes targeted are indeed active in individual patients and, if so, at what time after injury. It is here that more basic and clinical research is needed before targeting therapy to the individual needs of a patient can become a clinical reality. TBI populations are also heterogeneous in terms of clinical severity and baseline prognostic risk. This heterogeneity poses complex methodological challenges. It is here that methodological approaches may be optimized to increase statistical power.
The challenge to demonstrate benefit of a novel agent or treatment strategy in TBI is great, but the rewards will be correspondingly high.
TBI is a field with one of the greatest unmet needs in medicine and public health. 4 Not only is it a major cause of death and disability, incurring great personal suffering to victims and relatives, but it also leads to huge direct and indirect costs to society. In the United States, the annual burden of TBI has been estimated at over $60 billion. 5 Globally, the incidence is increasing, and TBI resulting from blast injuries is being increasingly recognized in military personnel returning from the Middle East conflicts. In the Western world, the epidemiology of TBI is slowly changing with a relative increase in middle-aged and elderly patients injured by falls, resulting typically in contusional brain damage. 4 Contusional brain injury is different from diffuse axonal injury, with a much larger component of inflammatory response, and this is often characterized by lesion progression. Approximately 25 to 45% of cerebral contusions will enlarge significantly, 6, 7 and even higher occurrences are reported if the initial computed tomographic scan is performed within 2 h of injury. 8 The more frequent use of anticoagulant medication and platelet aggregation inhibitors in older patients may further increase the risk of lesion progression. The frequent progression of contusive brain injury indicates that this may constitute a subpopulation of TBI more likely to benefit from neuroprotective agents by limiting processes involved in secondary brain damage. Other mechanisms, and consequently different approaches may be more relevant in patients with diffuse axonal injury, and we emphasize that neuroprotection in a more broad sense also includes strategies and therapies aimed at promoting regeneration or replacement of lost neuronal and glial cells, neuronal circuits, and stimulation of neuroplasticity.
The aim of this article is to review past and current experiences in clinical trials of TBIs, to discuss limitations and challenges that have been recognized, and to summarize current directions. The focus is on studies of patients with severe and moderate TBIs.
CLINICAL TRIALS IN TBI: PAST EXPERIENCE
The history of multicenter, randomized controlled trials of TBI really started in the mid-1980s. Major pillars of clinical research, such as the Glasgow coma scale, the Glasgow outcome scale and computed tomographic scanning were only introduced in the 1970s. A further boost toward trials resulted from advances in basic research with the identification of various neuroprotective agents. Prior to 1980, the majority of trials that were reported consisted of single-center studies with evaluation of treatment results that often used historical controls. In this period, a particular interest focused on the efficacy of steroids. These trials were primarily initiated by investigators from scientific interest; in contrast, multicenter trials on neuroprotective agents from the mid1980s on were largely initiated by pharmaceutical companies. The collaboration between investigators and pharmaceutical companies proved beneficial to both sides; investigators contributed disease-specific expertise, and the participation in trials greatly facilitated international contact and collaboration. Indirectly this has probably led to improved quality of care.
We conducted a systematic literature search of TBI clinical trials for the period of 1980 to 2009. We included studies meeting the following criteria:
• Prospective, parallel groups, phase III RCT with random assignment to either a new medication/intervention or placebo/best intervention available
• Patients with closed, moderate to severe TBI (e.g., Glagow coma score Յ12)
• Acute presentations (Ͻ24 h between injury and treatment)
• Patients with primary outcomes expressed as a Glasgow outcome score Ն 3 months
• Reports in the English language.
We excluded the following criteria:
• Phase II RCTs • Studies focusing on mild TBIs or on chronic TBI treatments (e.g., rehabilitations)
• Studies on pediatric TBIs
• Studies using a different primary outcome measure than the Glasgow outcome score.
We selected studies focusing on adults (Ͼ15 years) and studies that included at least 100 patients (minimum, 50 per arm). In total, 27 studies met these criteria. Collectively, we were aware of another 6 unpublished, large phase III TBI trials from which we had sufficient knowledge to present details. Therefore, these studies were added to the selection, resulting in a total of 33 studies. A complete overview of the studies is presented in Table  1 . This overview permits a number of interesting observations as follows.
First, there is a peak incidence of trial initiations in the mid-1990s, with a sharp decline in the period from 2000 The decline in studies on neuroprotective agents does not seem to be caused by a lack of new agents with great potential, but it is more likely due to the difficulties experienced in previous trials combined with the high costs. Second, most studies reported a significant treatment effect concerning those using a therapeutic strategy as an investigational modality. Seven of 10 studies on therapeutic strategies demonstrated statistical significance versus only 3 of 23 on neuroprotective agents (Table 3) . The three studies on neuroprotective agents that show a significant treatment effect are the Head Injury Trial (HIT) III nimodipine study, 9 the study reported by Xiao et al 10 on progesterone (both of which show beneficial effects), and the CRASH study, 11 which demonstrated higher mortality in the steroid-treated patients. These three trials had features that distinguished them from the traditional design of TBI trials. The HIT III study targeted a subgroup of the overall population, which only included patients with traumatic subarachnoid hemorrhage. The progesterone study reported by Xiao et al. 10 concerned a single-center study. The CRASH trials represented the only "mega trial" conducted in the field of TBI.
Third, we noted that six of the nine single-center studies showed a significant treatment effect versus 4 of the 24 multicenter studies (Table 4) .
Fourth, a certain shift can be noted during the past 5 to 10 years of studies from the Western hemisphere toward the Far East. These primarily concern investigator-initiated studies, which we find extremely encouraging, but we also note an increasing interest of pharmaceutical companies for moving trials to include centers in the Far East. This shift is motivated by both higher patient recruitment and lower costs. Further collaboration is highly recommended, but at the same time we wish to introduce a word of caution that it is yet uncertain as to how the results obtained in a different setting may translate into a more global perspective. This is important, for example, because of various trials conducted in mainland China that have shown beneficial effects of decompressive craniectomy, hypothermia, and progesterone. 10, [12] [13] [14] [15] These were all well-designed, high-quality studies. However, it is conceivable that differences may exist in referral policies, potential for selection bias, access to health care, acute and post-acute treatments, and outcome. We consider it a priority to investigate these issues in a comparative, observational study.
Two other issues deserve special consideration: 1) the number of unpublished studies and 2) the reasons why some studies were prematurely ended. In total, six studies included in the overview have not been published (tirilazad-domestic, Eliprodil, Saphir, Cerestat, Parke-Davis and HIT IV). These were all large, pivotal trials that we could include in the overview due to our knowledge of the field. However, there may be more "negative" trials to which we are not aware, particularly single-center studies. It is regrettable that these studies have not yet been published, as we consider it a moral obligation to patients and relatives who consented in participating and to the community in general to publish these results, even if a trial does not yield a positive result.
In total, seven trials were prematurely terminated. The National Acute Brain Injury Study (NABIS) hypothermia trial was originally initiated with the goal of enrolling 500 patients, but it was prematurely halted after enrollment of 392 patients after an unscheduled futility analysis showing that the likelihood for demonstrating benefit on continuation was low. The tirilazad domestic trial was prematurely halted after enrollment of 1191 of the planned 1212 patients (98.3%) on the recommendation of the data safety monitoring committee having demonstrated a significant difference in mortality between the treatment groups. A more detailed subsequent analysis found that this difference in mortality could be explained by differences in baseline characteristics; however, because the target enrollment had nearly been reached, the decision was made to terminate the study. The Selfotel trials (United States and international) were stopped after an enrollment of 693 patients, because of concerns of the safety and monitoring committee regarding an increased number of deaths and severe brainrelated adverse events that had occurred in two contemporary trials in stroke. Such adverse events were not noted in the TBI trials, but as analysis indicated a low likelihood of demonstrating benefit on pursuing the trial to completion, the decision was made to definitively stop the enrollment. The Cerestat trial originally aimed to enroll 700 patients, but was halted after enrollment of 532 patients after a planned interim analysis conducted on the first 340 patients. This decision was also made against the background of concern about the effects of the agent in patients with stroke. The Parke Davis study on SNX-111 was halted prematurely when the data safety monitoring board observed a 10% increase of mortality in treated patients; the occurrence of hypotension as a complication of the use of calcium channel blockers was also noted in the study. The Bradycor trial was designed to enroll 160 evaluable patients, but was stopped after 139 patients were enrolled, and after the results of animal toxicology studies conducted during the course of the trial; these results were largely inconclusive after repeat studies, and the decision to terminate the trial was perhaps all the more regrettable as a strong trend toward benefit was noted on the Glasgow outcome score at 6 months (12% improvement) and was supported by positive trends seen in intracranial pressure, therapy intensity level, and neuropsychological tests. The CRASH mega trial was originally aimed to include a total of approximately 20,000 patients, but was stopped in May 2004 after enrollment of 10,008 patients because of an excess in early mortality (day 14). These observations demonstrate that there are many internal and external factors that influence the conduct of TBI trials. In three cases, the reasons were safety concerns within the trial. In three cases, external factors included experience in simultaneously conducted stroke trials, the results in preclinical studies, and in only one instance (ie, the NABIS hypothermia trial) this resulted from the futility analysis. Indirectly, however, aspects of futility also probably influenced the decision making in tirilazad, Selfotel, and Cerestat. The observation that the majority of studies showing efficacy of the interventional therapy concerns singlecenter studies, while the overwhelming majority of multicenter studies failed to demonstrate effect is of interest and raises the question as to whether this may simply reflect publication bias or whether the center effects may be a factor confounding chances of demonstrating efficacy. Considerable between center differences in 6-month unfavorable outcome have been reported in the NABIS hypothermia trial. 16 Significant differences in mortality were also found between high-and low-enrolling centers in one of the more recent trials in TBI, investigating the efficacy of dexanabinol. 17 The International Mission on Prognosis and Clinical Trial Design in TBI (IMPACT) studies have further shown a 3.3-fold difference after correction for random variation in the odds of having an unfavorable outcome between centers (p Ͻ 0.001), which was not explained by patient characteristics (Lingsma et al., submitted for publication). These data illustrate some of the complexities involved in multicenter trials. The advantage of multicenter trials in comparison with single-center studies is enhanced generalizability. Two different approaches may be pursued to minimize variability in choice and sequence of basic therapeutic approaches: 1) rigorous standardization of treatment and 2) recruiting so many patients into a mega trial that variability is of less concern. An example of the latter approach is the CRASH study. However, the relative merits of these two contrasting approaches needs to be further determined.
RECENTLY COMPLETED, ONGOING, AND EXPECTED STUDIES
General information on "new" and recently completed trials can be found on the following websites: see www. clinicaltrials.gov (U.S. National Institutes of Health trial registry) and www.controlled-trials.com (nongovernmental registry initiated by Springer Science and Business Media supervised by an international advisory group). Central registration of clinical trials via these registries or the Eudra clinical trials database in the European Union has served to promote quality in the design and reporting of clinical trials. Data from the European Medicines Agency (EMEA) registry (EudraCT) are not yet publicly available, but this is anticipated for 2010. Regulatory agencies consider formal registration of the trial mandatory when considering drug approval, and journal editors may refuse publication of trial results if the trial has not been registered prior to initiation. An overview of recently completed, ongoing, and expected studies is presented in Table 2 . Much of this knowledge is now in the public domain by virtue of the central trial registries.
This overview indicates that many of the studies concern early stage clinical development. Currently, we believe that there are five phase III trials that are ongoing (four on therapeutic strategies and one on the neuroprotective agent recombinant human erythropoietin). A phase III trial on hypothermia is expected to start soon, supported by the European Society for Intensive Care Medicine. Preparations for a further two trials on progesterone are ongoing, and it is expected that these studies will be open for enrollment early in 2010.
Compared with the past decade, the number of studies on neuroprotective agents being taken forward into efficacy-oriented studies is dismal. We do not consider this due to lack of potential agents, but rather due to reluctance to embark on a high-risk venture, which is moreover extremely costly. In times of "trial crisis," there is believed to be a clear need for improved trial methodology to decrease the risks, and we strongly believe that if we wish to continue developing the field of neuroprotection in the clinical situation, attempts should be made to reduce costs. In particular, the substantial overhead costs often imposed in academic institutes is concerning. Reappraisal of clinical trial methodology in TBI Overall, the results of the phase III trials on neuroprotective agents have been disappointing. These disappointing results have stimulated a critical reappraisal of conditional requirements before starting clinical trials with new interventional therapies and using the methodology of trial design and analysis. The reasons that previous trials have not shown convincing benefit reflect a number of factors, ranging from preclinical investigations, through problems in translating results from experimental studies to clinical practice, to the clinical situation in which it is uncertain whether the pathophysiologic mechanisms targeted are indeed active in the patients studied, and if so, at what time after injury. Experimental studies should be robust, preferably showing benefit in more than one model, and in more than one species, with effects on both mechanistic and behavioural endpoints. To what extent time windows determined in the experimental situation may be translated to clinical practice still remains a point of concern. Requirements postulated for successful phase II TBI trials include the following:
• Mechanism demonstrated in animal models
• Drug/agent reverses damage in animal models
• Mechanism shown to be active in human TBIs
• Neuroprotective agent that passes the brain barrier
• Safety/tolerability in humans with TBIs
• Drug-sensitive endpoints Phase II trails are aimed at safety, and may include dose-escalation studies and, at best, may fulfill requirements for proof of concept by demonstrating efficacy on a mechanistic endpoint. However, in general, clinical efficacy and even indications thereof may not be expected from phase II TBI trials.
In most efficacy-oriented TBI trials (phase IIb or phase III studies), the hypothesis was to increase the absolute proportion of patients with a favorable outcome by at least 10%. Such an effect may not have been proven at this predetermined level, but conversely neither has inefficacy been proven. In fact, many trials demonstrate some increase in favorable outcome, albeit nonsignificant in treated patients. For example, the HIT I trial on nimodipine showed an 8% relative improvement 18 and the HIT II trial a 4% absolute improvement in favorable outcome in treated patients. 19 In the triamcinolone trial, a 5% increase in good recovery was observed in patients on active treatment. 20 In the polyethylene glycol-conjugated bovine superoxide dismutase (PEGSOD) trial, there was a 9% improvement in favorable outcome noted. 21 In the Bradycor trial there was a 12% improvement. 22 The Pfizer study had a decrease of mortality of 7% and an increase in favorable outcome in the treated group. 23 Therefore, it would appear that at least some trials show an indication of efficacy, and this may be interpreted as further evidence in support of the concept that TBI trials have been underpowered. Other factors, such as confounding effects of heterogeneity of TBI populations, overly optimistic expectations, and insensitive methodology have also contributed to the difficulties experienced in demonstrating benefit of investigational treatments. In comparison with other fields of medicine, efficacy-oriented clinical trials in TBI pose complicated methodological challenges. These methodological challenges are particularly related to three important factors: 1) the great heterogeneity of TBI populations, 2) the lack of relevant mechanistic early endpoints, and 3) the insensitivity of more global outcome measures. The consequences of heterogeneity in TBI populations from the perspective of trial design and analysis and approaches for dealing with this heterogeneity are the main focus of studies conducted by the IMPACT investigators. Results from these studies have shown that the statistical power in TBI trials may be increased by as much as 50% by utilizing more efficient approaches to the analysis. Recommendations and results originating from the IMPACT work are summarized in a dedicated article in this issue. 24 The IMPACT studies were conducted on individual patient data from eight RCTs and three observational studies. 25 Relevant parameters from the individual studies were merged into a large dataset, forming a "culture medium" for exploring concepts for improving the design of clinical trials in TBI. Merging the individual patient data into a common format proved to be even more formidable of a task than initially anticipated, and it involved more than 10-person years of work. The TBI datasets demonstrated almost as much heterogeneity as patient populations concerning coding of variables and data storage; furthermore, most datasets were characterized by general lack of detailed documentation. This experience highlighted the need for standardization of coding and data storage formats in TBI studies, and helped stimulate an international and inter-agency initiative to develop recommendations for "common data elements" for TBI studies.
Standardization of data collection: common data elements
The initial steps toward development of standardization of data collection in TBIs were integrated into a much larger inter-agency initiative toward "an integrated approach to research in psychological health and traumatic brain injury." This initiative, involving the National Institute of Neurological Disorders and Stroke (NINDS), the National Institute on Disability and Rehabilitation Research (NIDRR), the department of Veterans Affairs (VA), the Defense and Veterans Brain Injury Center (DVBIC), and the Defense Centers of Excellence (DCoE), included four working groups in the field of TBI addressing four domains: 1) demographics and clinical assessment, 2) biomarkers, 3) neuroimaging, and 4) outcome. Full results and recommendations of these working groups will be published in early 2010. The working group: "demographics and clinical assessment" (members included in appendix) focused on developing common data elements on all clinical and demographic variables in TBI studies. Specific aspects relating to biomarkers, neuroimaging, and outcome assessment, including recommendations for further development required to advance the field, were addressed by other working groups. The global aim was to develop recommendations on selection and coding of data elements for studies across the broad spectrum of TBI. The elements should be applicable to the entire spectrum on injury, both to milder and more severe injuries, to acute and long-term studies, and to studies including patients early after injury, but also to those enrolling patients at later time periods; elements should further be applicable to both civilian and military settings. Consistency was sought with the common data elements initiative of the U.S. National Institutes of Health, National Institute of Neurological Disorders and Stroke (see www.nindscommondataelements.org) initiated by John Marler who was vice director at the time with the aim to develop a core set of variables for use across the different fields of clinical neuroresearch.
The process for developing recommendations for common data elements was consensus driven, with multidisciplinary input from experts across a broad range of disciplines, covering the entire trauma chain from emergency medicine to rehabilitation and late outpatient care. Thus, a broad input was ensured. A general consensus on selection and coding of data elements was achieved, and templates were produced that summarized coding formats, motivation of choices, and recommendations for procedures. The data elements are contained in modules, which are grouped together in categories. For example, the data elements "age, gender, and race" are contained in the module "demographics" under the category "subject characteristics." It was further realized that the level of detail required in data collection may vary greatly with the design and aim of a specific study. Therefore, we developed three versions for coding data elements: 1) a basic version, 2) an advanced version, and 3) an extended format with the greatest level of detail in the extended version. The coding of these versions is such that in every case the more detailed coding can be collapsed into the basic version, thus facilitating comparison and meta-analysis of individual patient data between studies. The data elements and modules are intended as "building blocks" for designing a case report form. They can be used as "plug in" elements and are used multiple times in various sections of the case report form. For example, the module on the Glasgow coma scale (and pupils) may be recorded only on admission or also in pre-hospital, as well as daily, records during the acute care phase. Researchers can select and mix basic, advanced, and extended versions of the different data elements, according to the requirement of the study. We note that the data elements proposed are not all inclusive, and the option always remains open to include other elements. The complete package of common data elements, including the templates, are available from the author and will be posted on the website www. nindscommondataelements.org in early 2010. The data elements are currently presented in a "paper-based format." Work is ongoing to include the elements and modules in a web-based data entry format with pull-down menus and automated data checks. We emphasize that the current recommendations represent a beta version; we are in the process of incorporating feedback from a more international forum with the intent to make this a global initiative. We further note that some of the recommendations include innovative approaches, which require field testing and validation in clinical practice. Evaluating the applicability of the recommendations across various settings can best be accomplished by an observational study. The initiative to develop standard data elements in the field of TBI will facilitate comparison of research findings across studies and encourage high quality meta-analysis of individual patient data in the future. This may well constitute one of the most important steps forward in the field of clinical trials in TBI, paving the road for harvesting successful results in the near future.
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